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Depression is a multifactorial illness and genetic factors play a role
in its etiology. The understanding of its physiopathology relies on
the availability of experimental models potentially mimicking the
disease. Here we describe a model built up by selective breeding of
mice with strikingly different responses in the tail suspension test,
a stress paradigm aimed at screening potential antidepressants.
Indeed, “helpless” mice are essentially immobile in the tail sus-
pension test, as well as the Porsolt forced-swim test, and they show
reduced consumption of a palatable 2% sucrose solution. In addi-
tion, helpless mice exhibit sleep-wakefulness alterations resem-
bling those classically observed in depressed patients, notably a
lighter and more fragmented sleep, with an increased pressure of
rapid eye movement sleep. Compared with ““nonhelpless” mice,
they display higher basal seric corticosterone levels and lower
serotonin metabolism index in the hippocampus. Remarkably,
serotoninqa autoreceptor stimulation induces larger hypothermia
and inhibition of serotoninergic neuronal firing in the nucleus
raphe dorsalis in helpless than in nonhelpless mice. Thus, helpless
mice exhibit a decrease in serotoninergic tone, which evokes that
associated with endogenous depression in humans. Finally, both
the behavioral impairments and the serotoninergic dysfunction
can be improved by chronic treatment with the antidepressant
fluoxetine. The helpless line of mice may provide an opportunity to
approach genes influencing susceptibility to depression and to
investigate neurophysiological and neurochemical substrates un-
derlying antidepressant effects.

he prevalence of depression worldwide is such that this

disorder represents a major health problem. It is estimated,
for example, that ~10% of men and 20% of women in Western
Europe will suffer from a major depressive episode at some time
in their life. The monoamine hypothesis of depression suggests
that one of the biological bases of affective disorders is a
deficiency in the neurotransmitter serotonin (5-HT). During the
past 40 yr, this hypothesis has been refined, as more experimen-
tal and clinical evidence has emerged. The selective 5-HT
reuptake inhibitors, in particular, allowed important progress in
our understanding of the role of 5-HT in depression. To some
extent, the mechanism of action of 5-HT reuptake inhibitors,
which are the most widely prescribed antidepressant drugs today,
can be anticipated from our knowledge of the anatomy and
chemistry of the central serotoninergic system. However, it must
be accepted that extensive investigations have so far failed to find
convincing evidence of a primary dysfunction of the serotonin-
ergic system in patients with depression. Disturbances of sleep
are typical for most depressed patients and belong to the core
symptoms of the disorder. Polysomnographic sleep research has
demonstrated that, besides disturbances of sleep continuity,
depression is associated with a reduction of slow-wave sleep and
a shortening of rapid eye movement (REM) sleep latency. While
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the hunt for the biological basis of depression is intensifying,
better therapies are also actively sought.

Animal models investigated in the past often dealt with a
particular aspect of the syndrome (1). Because inherited inter-
individual variation in vulnerability to depression is a well known
phenomenon (2, 3), selectively bred rat models have been
developed recently (4, 5). Here we report on the behavioral,
neurochemical, and electrophysiological characteristics of a po-
tential mouse model of depression. We sought to investigate
whether a selective breeding strategy for divergent magnitudes
of immobility in the tail suspension test (TST) would result in the
selection of two different lines of nonhelpless (NHL) versus
helpless (HL) mice. We used the TST, which, besides the
forced-swim test (FST), is a widely used screening method for
antidepressants in mice (6, 7). During these tests, mice show
alternate periods of agitation and immobility, the latter being
considered to mimic a state of helplessness (4). Taken together,
the data presented here give evidence that helpless mice fulfil the
main criteria of a relevant animal model of depression: behavior
in validated tests, sleep characteristics, and response to antide-
pressants. Moreover, the results point to an impairment of
serotoninergic neurotransmission, notably through functional
alterations of 5-HT;a autoreceptors. This genetic model of
affective disorders may provide insights into the pathophysiology
of depression and the effects of antidepressants.

Materials and Methods

Animals. Mice selectively bred in our facilities (Unité Mixte de
Recherche Centre National de la Recherche Scientifique 6036,
Rouen, France) for high or low spontaneous helplessness in the
TST were derived from an original stock of Swiss albino CD1
mice (Charles River Breeding Laboratories). They were kept on
a 7 a.m.—7 p.m. light cycle with food and water ad libitum. For
breeding, male and female mice were housed together in pairs.
When not under experimentation, they were kept in same-sex
groups. Testing was performed between 9 a.m. and 5 p.m. and
was in accordance with the European Community Council
Directive of November 24, 1986 (86/609/EEC).

Selection and Breeding. Selective breeding was initiated in April
1995 with the testing of 92 male and 58 female adult CD1 mice
(8). The chosen selection criteria, which were the same at each
generation, were a high immobility score (>115 sec) for HL and
a low immobility score (<35 sec) for NHL in TST. Each mouse
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of any generation that entered the study was tested three times
at weekly intervals. From the original CD1 mice, two pairs of HL
and NHL mice were bred to produce the first generation (S1) of
HL and NHL lines. To minimize inbreeding, animals that were
least related to one another were mated to produce next
generations but brother-sister mating was systematically done for
each generation after S5. After S1 generation, there were 2-6
families in S2-S3 generations and 6-16 families in S4-S14
generations, with numbers of offspring per litter being ~8.9 =
0.5 and 9.4 = 0.6 (means = SEM.) for the 14 generations of HL
and NHL mice, respectively. Pups were weaned at 21 = 2 days,
and animals were subjected to the first TST at age 35-50 days
(middle adolescence). Mice did not go into combined experi-
ments, except for correlation studies in the following order: TST,
motor activity, FST. Unless otherwise stated, all experiments
were performed with mice aged from 9 to 18 weeks.

Behavioral Studies. The TST was performed with a computerized
device (ITEM-LABO, Le Kremlin-Bicétre, France) (9). Mice
were suspended by the tail with adhesive tape to a hook
connected to a strain gauge. The latter transmitted movements
to a computer that calculated the total duration of immobility
during a 6-min test. Mice that climbed up their tail during the test
session (for example, at S10 generation HL mice: 7% of males,
11% of females; NHL mice: 1% of males, 2% of females) were
withdrawn from the study. For the FST, mice were plunged
individually into a vertical Plexiglas cylinder (25 cm high; 10 cm
in diameter) filled with 9-cm-deep water (21-23°C). After the
6-min period of the test, they were removed and allowed to dry.
Immobility (i.e., making only minimal movements to keep the
head above water or floating) was measured for two 3-min
periods by an observer blind to the condition of the mouse.
Exploratory motor activity was monitored in the 20 X 20-cm
arena of a Digiscan actimeter (Omnitech Electronics, Columbus,
OH) during various periods, depending on the experimental
design (10).

Sucrose Consumption Test. Testing for sucrose consumption
(single-bottle test) was performed with individually housed mice.
Consumption of a 2% sucrose solution in water was measured
during a 96-h period when a sweet bottle was given in place of
water. Results are expressed as sucrose intake (g per kg of body
weight).

Corticosterone Assay. Corticosterone in serum from blood
collected after decapitation was assayed as described (11).

Sleep and Wakefulness Analysis. Electrodes for polygraphic sleep
monitoring were implanted under general anesthesia as de-
scribed in detail elsewhere (12). Recordings were performed in
the home cage, after at least 10 days of habituation to the
recording conditions. Animals were connected to the recording
devices by means of a cable and a swivel allowing free displace-
ments in the cage, and polygraphic recordings were performed
by using an Embla system and the SOMNOLOGICA software
(Flaga, Iceland). Spontaneous sleep-wakefulness cycles were
recorded during 2 (for males) or 4 (for females) consecutive days
(12-h light-dark cycle, light on at 7 a.m.). On the third (for males)
or fifth (for females) day at 10 a.m., mice were gently awakened
and left to sleep again to evaluate their REM sleep latency,
which was defined as the time interval between sleep onset and
the first REM sleep episode. Polygraphic tracings were scored
every 15 sec as wakefulness, slow-wave sleep (light: SWS;, or
deep: SWS;), and REM sleep (12).

8-Hydroxy-2-(di-n-propylamino)-tetralin (8-OH-DPAT)-Induced Hypo-

thermia. Core body temperature was measured at 23 = 1°C
ambient temperature by means of a thermocouple probe (Bet-
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atherm, Galway, Ireland, 1.5 mm in diameter) inserted 2 cm into
the rectum while gently holding the animal (13). Temperature
was stable within 5-7 sec, and the whole procedure lasted ~10
sec. Data were obtained every 15 min, from 30 min before (for
baseline), until 70 min after s.c. injection (at 11 a.m.) of
8-OH-DPAT (dissolved in 0.1 ml of saline), and then every hour
until ~6 h posttreatment. 8-OH-DPAT-induced hypothermia
was calculated as the maximal decrease (from baseline) in body
temperature during 70-min postinjection. Each animal received
saline alone and all tested doses of 8-OH-DPAT with a minimal
§-day washout period between two successive treatments. The
effects of pretreatment with the 5-HT 4 antagonist WAY 100635
(0.1 mg/kg s.c. 30 min before 8-OH-DPAT) on the response
were also examined. Finally, the hypothermia induced by the
muscarinic agonist (5) arecoline (0.1-10 mg/kg i.p.) was assessed
by using the same conditions.

Electrophysiological Study. Electrophysiological recordings of
spontaneously active dorsal raphe nucleus (DRN) neurons were
performed as described (14). Baseline firing activity was evalu-
ated for 5-10 min. Then, in intravenously cannulated animals,
boli of increasing doses of 8-OH-DPAT (dissolved in 10 ul of
saline) were injected every 2 min until complete cessation of
firing. At that time, the serotoninergic nature of the recorded
neuron was checked by means of an i.v. injection of WAY 100635
(expecting a restoration of the cell firing; see ref. 14). Only one
neuron per animal contributed to this 5-HT;A challenge, and
histological examination of the recording site was subsequently
performed to ascertain that the recorded neuron belonged to the
DRN. In a set of experiments, chronic treatment with fluoxetine
(10 mg/kg i.p. daily for 21 days) followed by a 48-h washout
period was performed before the electrophysiological testings.

Autoradiography. Autoradiographic labeling of 5-HT transporter
(15) was achieved on frontal brain sections (10 wm) with 1 nM
[*H]citalopram (Amersham Pharmacia; 85 Ci mmol~!) as ra-
dioligand without or with 10 uM fluoxetine for the determina-
tion of nonspecific labeling. Sections were applied onto Hyper-
film-*H (Amersham Pharmacia) for 4 weeks to generate
autoradiographs. Quantification of radioactive labeling was
made by means of an image analysis system (Alcatel TITN
Answare, Samba Technologies, Meylan, France). Optical den-
sities were converted into fmol/mg tissue according to a cali-
bration curve obtained with tritiated standard strips (Amersham
Pharmacia).

Measurement of Tissue Levels of 5-HT and Its Metabolite. The
prefrontal cortex and the hippocampus were dissected immedi-
ately after decapitation and frozen in isopentane (—32°C). The
preparation of homogenates and HPLC determinations were
made as described (16).

Drugs. Solutions of imipramine and desipramine (Novartis, Rueil
Malmaison, France), citalopram (Lundbeck, Copenhagen), flu-
oxetine (Lilly Research Laboratories, Indianapolis), paroxetine
(SmithKline Beecham), 8-OH-DPAT (Research Biochemicals,
Natick, MA), WAY 100635 (N-[2-[4-(2-methoxyphenyl)-1-
piperazinyl]ethyl]-N-(2-pyridinyl) cyclohexane carboxamide,
Wyeth), and arecoline (Sigma) were prepared daily. Doses
always refer to the free bases.

Statistical Analyses. Results are expressed as mean * SEM.
Statistical analysis of differences between groups was performed
by using ANOVA (with one or two factors and with or without
repeated measures where appropriate). Where F ratios were
significant, statistical analyses were extended by using Newman—
Keuls multiple comparison tests. Significance levels were set at
P < 0.05.
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Fig. 1. The behavioral traits of HL and NHL mice selectively bred move apart
quickly and show a great stability. (A) Evolution of patterns of immobility
shown by selectively bred male (M) and female (F) mice from S1 to S14
generation in the TST. Results are mean = SEM of first trial data for mice (n =
6-44 at generations SO to S3; n = 53-338 at generations S4-S14) reaching the
selection criterion three times at weekly intervals. (B) Percentage of mice
reaching the selection criteria for HL (Upper) or NHL (Lower) at each gener-
ation. (C) Test-retest reliability of the duration of immobility of HL and NHL
mice (S2 and S14 generations are depicted) in the TST. Recordings were for 6
min at weekly intervals (W1, W2, and W3). Error bars (SEM) are smaller than
the symbols in size.

Results

Behavioral Features of Selectively Bred HL and NHL Lines. After 10
generations of selective breeding, a 40-fold average difference in
immobility time in the TST was achieved between the selectively
bred HL and NHL mice (Fig. 14). Indeed, immobility scores in
TST were extremely low with a tendency to decrease even further
across the generations among mice of the NHL line. In contrast,
immobility scores of HL mice increased moderately until the S10
generation (Fig. 14). In addition, the percentages of animals
showing scores corresponding to the criteria for selection rose
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gradually in both HL and NHL mice as breeding continued, and
HL female mice were more immobile than HL male mice at all
generations up to the 11th one (Fig. 1B). Realized heritability
(17) over 10 generations of selection for HL and NHL behavior
was 0.099 and 0.027, respectively. As illustrated in Fig. 1C,
immobility scores of selectively bred HL and NHL mice deter-
mined in three trials at weekly intervals under drug-free condi-
tions exhibited a great stability across trials. Middle adolescent
and adult mice exhibited similar immobility scores (not shown).

The FST is another “behavioral despair” paradigm (18) used
to identify antidepressants. Thus, we tested whether immobility
scores in the FST would be in accord with those obtained in the
TST (Fig. 24 and B). Immobility times were ~2.5-fold longer in
HL than NHL mice during FST performed at S14 but not S2
generation. A strong correlation (» = 0.848; P < 0.001) was found
between immobility times in both paradigms for animals at S14
generation; however, immobility times in the two “despair”
paradigms were not correlated (P > 0.05) when the two sub-
strains were analyzed separately (HL line: » = 0.200; NHL line:
r = 0.286). The performance in these two behavioral tests was
not influenced by motor activity, because locomotor activity in
an environment was similar in both lines at S2 generation but
diverged later on toward lower levels in the HL line or a tendency
to higher levels in the NHL line (Fig. 2C). Differences in
horizontal activity between lines were not counterbalanced by
opposite differences in vertical activity (Fig. 2C). On the other
hand, locomotor activity of mice measured in the open field was
not correlated (P > 0.05) with their immobility times either in
the TST (HL line: r = 0.190; NHL line: r = 0.165) or the FST
(HL line: » = 0.100; NHL line: r = 0.325; see also ref. 19).

To validate the immobility models that may not reflect only
helplessness, we next addressed the issue of anhedonia (20) by
examining whether consumption of a sucrose solution would differ
between HL and NHL mice. At S13 generation, average daily
sucrose intake (g per kg of body weight) during a 96-h period was
significantly lower in HL mice: males, 199 = 11.9 vs. 250 = 13.1 in
NHL mice; P = 0.05; Females: 291 * 19.5 vs. 419+ 22.6 in NHL
mice, P < 0.001, n = 24 mice per group). The difference was larger
between females, as revealed by the significant gender X substrain
interaction [F (1, 92) = 4.2, P = 0.044].

Altered Patterns of Circadian Sleep-Wakefulness Rhythms in HL Mice.
Sleep disorders are cardinal symptoms of depression and alter-
ations of sleep architecture in depressed patients have been well
described (21). Polygraphic recordings of males and females
indicated that both lines of mice exhibited a classical circadian
rhythm of sleep and wakefulness (not shown). However, sub-
stantial differences were observed between the two lines with
two-way ANOVAs revealing no interaction between factors in
conjunction with no gender effect. Thus, HL mice spent less time
in wakefulness and more in SWS; and REM sleep than NHL
mice (Fig. 2D), and exhibited a significant [F (1, 27) = 35.9,P <
0.001] decrease in REM sleep latency (in min, HL: 14.0 = 1.7
and 15.4 £ 1.8 in males and females, respectively; NHL: 30.1 =
1.3 and 31.5 = 2.8 in males and females, respectively, n = 5-12
in each group). In addition, sleep was more fragmented in HL
females as illustrated by significantly more frequent episodes of
wakefulness (approximately +50%, P < 0.001) than in NHL
females.

Because in behavioral tests females of the HL line were
generally more affected than males, the following studies were
performed mainly with females.

Hormonal and Neurochemical Studies in HL and NHL Mice. We
examined whether HL mice would exhibit abnormalities of the
hypothalamic-pituitary-adrenal axis, a hormonal system that is
often dysregulated in depressed patients (22). Under basal
conditions, seric corticosterone concentrations (ug/100 ml)
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Fig. 2. Differences in responses to behavioral tests amplify between HL and NHL mouse lines when pressure selection continues and differing patterns of

sleep—-wakefulness rhythms are revealed. Duration of NHL and HL mouse immobility recorded for 6 min in the TST (A) and FST (B) for the same animals (n = 8-13)
at S2 and S14 generations. (C) Locomotor activity of NHL and HL mice in the open field. Horizontal (exploratory) and vertical activities (expressed as the number
of beam crossings) were recorded for 45 min (n = 8-14) at S2 and S14 generations. (D) Amounts of the different states of vigilance, wakefulness, slow-wave sleep
(light: SWS,, or deep: SWS;), and REM sleep (REMS). Data are expressed as min per 24 h. Error bars represent SEM. Statistical significance was determined by
two-way ANOVAs. Because there were no interactions between factors, asterisks (***, P < 0.001) depict main effect of substrain and sharps (#, P < 0.05) depict

main effect of sex.

were higher in HL mice (males: 9.1 £ 2.0 vs. 6.0 £ 1.0 in NHL;
females: 19.1 = 3.3 vs. 12.2 = 1.8 in NHL, n = 20-22 in each
group). A two-way ANOVA revealed a significant main effect of
substrain on corticosterone levels [F (1, 78) = 4.9, P = 0.029],
along with a significant overall gender effect [F (1, 78) = 13.3,
P < 0.001], with females displaying higher levels.

We also characterized some of the neurochemical features of
the 5-HT system that could be associated with the differential
behavior of HL vs. NHL female mice (23). 5-HT levels in
prefrontal cortex (PCx) and hippocampus (Hipp) were signifi-
cantly higher (P < 0.05) in HL mice (in ng/mg protein: PCx: HL,
5.9 £0.4vs. NHL, 4.3 = 0.5; Hipp: HL, 8.5 = 0.8 vs. NHL, 5.8 =
0.6; n = 7-10 mice per group). This was associated with a lower
5-HT metabolism index (estimated by the 5-HIAA/5-HT ratio)
notably in the Hipp (HL, 0.29 = 0.02 vs. NHL, 0.36 = 0.03, P <
0.05). In addition, densities (expressed as fmol/mg tissue equiv-
alent) of the 5-HT transporter were higher in the motor cortex
of HL mice (HL, 54 = 2 vs. NHL, 44 = 3; P < 0.05, n = 7-8).

Functional Characteristics of 5-HT14 Autoreceptors. Somatodendritic
5-HT;a autoreceptors play a critical role in 5-HT neurotrans-
mission and in the physiopathology of depression (24, 25). Thus,
we investigated their functional status in female mice of both
lines, by examining the effects of 5-HT;a receptor activation on
body temperature (26) and on serotoninergic neuronal firing in
the DRN (14, 27).

Body Temperature. Baseline values were slightly lower in HL
(36.6 = 0.1°C) than in NHL (37.2 = 0.1°C) mice (P < 0.05,n =
15 in each group). Acute administration of 8-OH-DPAT (0.4-2
mg/kg s.c.) induced a dose-dependent temperature decrease
during the first 30—60 min, which was prevented by pretreatment
with WAY 100635 (0.1 mg/kg s.c.; data not shown). The
8-OH-DPAT-induced hypothermia was of larger (P < 0.01)
amplitude (Fig. 34) and lasted longer (2 h 30 min vs. 1 h after
0.4 mg/kg, not shown) in HL compared with NHL mice. In
contrast to 8-OH-DPAT, arecoline (0.1-10 mg/kg i.p.; ref. 28)
induced the same hypothermia in both strains (data not shown).
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Electrophysiological Recordings. The spontaneous firing rate of
serotoninergic neurons in the DRN was identical in HL and
NHL mice (in spikes per second: 1.5 = 0.1, n = 29, and 1.3 =
0.1,n = 24, respectively). However, the inhibitory response to i.v.
injection of 8-OH-DPAT was significantly different between the
two lines, with a shift to the left of the dose-response curve in
HL compared with NHL mice (in ug/kg i.v.: ICsp = 3.5 = 0.6,
and 9.4 * 1.0, respectively, P < 0.01, Fig. 3B).

Effects of Antidepressants. Acute administration of tricyclic anti-
depressants (imipramine, desipramine) as well as 5-HT reuptake
inhibitors (citalopram, paroxetine, fluoxetine) reduced immo-
bility of HL mice in the TST. However, fluoxetine was active only
at the highest dose tested, 40 mg/kg i.p. (Fig. 44). In contrast,
under chronic conditions, 10 mg/kg fluoxetine i.p. (daily for 21
days) was enough to reduce significantly the immobility of HL
mice (but not that of NHL mice, Fig. 4B). In addition, this
treatment significantly decreased the potency of 8-OH-DPAT to
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Fig.3. Functional status of 5-HT4 autoreceptorsin HL and NHL female mice.
(A) Dose-dependent hypothermia induced by s.c. injection of 8-OH-DPAT.
Hypothermia (°C) is expressed as the difference from baseline (n = 5-6). (B)
5-HT14 autoreceptor-mediated inhibition by 8-OH-DPAT (0-48 ug/kg i.v.) of
DRN 5-HT neuron firing in naive mice. Firing inhibition is expressed as percent
of baseline frequency (n = 6-7 animals in each group). *, P < 0.05; ***, P <
0.001 compared with NHL mice, by using two-way ANOVAs.
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occurred in HL (n = 6 in each group) but not in NHL (n = 6-7) mice. **, P < 0.01; ***, P < 0.001 compared with saline treatment, by using one-way ANOVA.

inhibit the firing of DRN serotoninergic neurons in HL (in pg/kg
i.v.: ICso = 23.7 = 5.9 after chronic fluoxetine, vs. 6.4 * 0.8 in
saline-treated controls, P < 0.01), but not NHL mice (Fig. 4C).

Discussion

The results reported herein strongly substantiate the hypothesis
that the HL line of mice should be a useful tool to provide
insights into the neurobiological mechanisms that underlie de-
pression and to assess the antidepressant potentialities of treat-
ments. Indeed, the great stability across trials observed in both
HL and NHL mice indicates that they may be helpful in
drug-screening procedures. In addition, congruent with the well
known gender differences in vulnerability to depression, HL
females were always found to be more immobile than HL males
in the TST across generations. Strikingly, immobility scores were
extremely low at early points in the selection process for the NHL
line, suggesting that a limited number of genes are responsible
for the NHL trait. In all probability, more genes likely contribute
to the HL trait (see ref. 29). However, it should be noted that
some of the phenotypic differences observed between the HL
and NHL might be attributed to a genetic drift phenomenon
during the selection step (30), rather than being related to the
trait of selection. Further segregating cross-breeding studies are
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necessary to determine whether phenotypic differences between
the two lines have a genetic relationship to the trait of selection.

Susceptibility to helplessness in HL. and NHL mice was also
found different in another behavioral despair paradigm, the
FST. This widely accepted test cannot be considered as a simple
variant of the TST (31), and the present results give further
support to this belief. Indeed, the distinction between the two
lines in the FST resulted from the evolution of the score of NHL
mice along generations. This finding confirms the growing
evidence that overlapping but not similar behavioral strategies
are at work in the two tests (32, 33). Interestingly, selection
pressure had also an effect on motor activity in the open field,
suggesting that some aspects of exploratory activity and coping
strategies in an aversive situation may be under the influence of
a common set of genes (32). The results obtained for the HL line
are in accordance with a decrease in motor activity already
reported in other animal models of depression (5). Nevertheless,
opposite changes in the FST scores on one hand and in loco-
motor activity on the other hand from S2 to S14 generation
substantiate the view that motor activity contributes only mod-
erately, if any, to the helpless and non helpless phenotypes in HL
and NHL mice, respectively.

In a further attempt to validate the immobility tests as
screening methods for our model, the inability to experience
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pleasure was assessed in HL. and NHL mice by using a sweet
reward. A defective hedonic behavior appeared in HL mice,
which was more obvious in females than in males. In this respect,
HL mice behaved like rodents subjected to chronic mild stress,
which is considered today as a well validated model of depres-
sion (20).

HL and NHL mice exhibited different sleep structure and
stability. The lighter and more fragmented sleep, and the
decreased REM sleep latency in HL mice are in harmony with
those of studies where helplessness was induced experimentally
in rats (34, 35). Moreover, alterations of sleep-wakefulness
patterns in HL mice mimic to some extent those observed in
depressed patients such as the enhanced REM sleep “pressure”
and the sleep fragmentation (21). In addition, hyperactivity of
the hypothalamic-pituitary-adrenal axis has been reliably ob-
served in patients with major depression (22). Elevated serum
corticosterone levels in HL mice points to a disturbance in the
hypothalamic-pituitary-adrenal axis, which may have pathogenic
importance.

We next investigated whether these behavioral characteristics
may be partly linked to alterations in neurobiological indices
related to central serotoninergic transmission in the DRN and
limbic regions of the brain. Serotonin has been considered for
decades now as key candidate in the physiopathology of depres-
sion (23), and may contribute to the different behavior of HL vs.
NHL mice. Results reported herein regarding neurochemical
indices of 5-HT system show that differences between HL and
NHL mice concerned limbic-related structures known to be
involved in affective disorders (36).

Previous investigations have shown that the brain density of
5-HT 4 receptors, especially in the DRN, is significantly higher in
HL than in NHL mice (37). Functional consequences of this
difference were assessed in the present study. We found that acute
administration of 8-OH-DPAT dose-dependently reduced body
temperature to a greater extent in HL than in NHL mice, and that
this effect was prevented by selective blockade of 5-HT 4 receptors.
Indeed, in mice, 8-OH-DPAT-induced hypothermia is specific of
5-HT;a autoreceptors (26), and the observed differences support
the idea that these receptors are supersensitive in HL mice. In line
with this interpretation, 8-OH-DPAT was more potent to inhibit
the firing of DRN serotoninergic neurons in HL versus NHL mice.
Through the action of endogenous 5-HT, such a hypersensitivity
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might also account for the (slightly) lower body temperature in
naive HL compared with NHL mice. Supersensitivity of 5-HTa
autoreceptors has already been reported in other animal models of
depression (5, 29, 38) as well as in depressed patients (39). The
resulting increase in 5-HT;a-mediated inhibitory feedback on se-
rotoninergic neuronal firing would lead to a reduction in central
5-HT neurotransmission, as actually supported by lower 5-HIAA/
5-HT ratio in the brain of HL mice. In contrast, no differences
between the two lines were found with regard to the hypothermic
effect of arecoline (5, 29), thereby suggesting unaltered muscarinic-
mediated processes in HL versus NHL mice. However, further
studies are needed for a more complete analysis of neurotransmit-
ter systems underlying behavioral differences between the two lines.

Finally, we examined how HL mice respond to antidepressant
drugs. Acute administration of tricyclic antidepressants and
5-HT reuptake inhibitors shortened immobility of these mice in
the TST, as expected from a relevant model for screening
potential antidepressants (9). Furthermore, chronic treatment
with fluoxetine significantly reduced both the immobility in the
TST and the sensitivity of somatodendritic 5-HT;s autorecep-
tors in HL mice. These results are in accordance with previous
data obtained in helpless rats (38) and represent another support
to the hypothesis of a role for 5-HT 5 autoreceptors in the mode
of action of antidepressants (24).

In summary, these data suggest that HL mice might be of
particular interest for investigating mechanisms underlying high
susceptibility to helplessness. They should also facilitate the
study of genetic aspects of vulnerability to despair, and beyond,
should help in the identification of genes causally related to
depression in humans. In addition, the HL line should be useful
for assessing the potential antidepressant action of therapeutic
strategies targeting psychoaffective disorders.
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